The development of a micro-electro-kinetic-actuator (MEKA) array for the study and control of the viscous sublayer of a turbulent boundary layer is presented. Several generations of such MEKA arrays have been fabricated that explore the use of non-conventional MEMS materials such as quartz, polymers or mylar and are combined where needed with conventional MEMS design and fabrication processes. The present study is the first attempt to exploit the potential advantages of using the electrokinetic principle as the basis for a new class of microscale actuators suitable for active sublayer control. Among such advantages are that these actuators have no moving parts, and that they achieve the flow rates required for this type of flow control. Moreover, the inherent problem of matching the length and time scales between microactuators and the physical system being controlled makes the viscous sublayer a natural choice for these types of actuators. The electrokinetic drivers are fabricated inside microchannels, 250 mm to 2 mm in diameter, using a liquid-phase polymerization process that generates 1 µm doped pores. This process greatly simplifies the fabrication of a large number of actuators, and using this technique we are able to fill 100% of the 25 600 microchannels that form the typical MEKA 5 array. The array is fabricated using a novel three-layer design that contains (i) a top layer with the actuator nozzles, electrodes and leadouts, (ii) a center layer containing the individually addressable electrokinetic driver channels in which electrolyte pumping occurs in response to a time-varying electric field that will induce volume displacement in the sublayer and (iii) a bottom layer containing an electrolyte reservoir and common electrode. The functionality incorporated in this three-layer design with independent unit cells demonstrate all the elements needed for turbulent boundary layer control.
Introduction
The development of robust, survivable, long-lifetime, highbandwidth, high-authority, low-power fluid microactuators currently represents the single greatest need in the application of MEMS technologies to the control of vehicles, as well as to a wide range of other areas. Active sublayer control for drag reduction in turbulent boundary layers is one of the highest-impact applications for 'smart' control of turbulence.
A reduction of just 1-2% in the drag created by the turbulent boundary layer on a commercial airplane or ship can translate into large reductions in fuel consumption and operating costs. Similarly, flow-control devices capable of on-demand vortex generation over delta wings, strakes and other control surfaces on fighter aircraft would permit dramatic increases in maneuverability, and large reductions in radar crosssection through elimination of traditional control surfaces. Such benefits of microsystems-based flow control extend to naval surface and undersea vehicles as well, including ships, submarines and torpedoes, as well as to unmanned vehicles used in a variety of applications such as UAV, UCAV and MAV. Similar technologies could also be applied to supersonic vehicles for aerodynamic noise reduction, and would find use in a wide range of flow control situations involved in propulsion systems, spanning from control of mixing in advanced gas turbine combustors, to active control of surge and stall in compressors.
The thin boundary layer that exists directly adjacent to the surface of any practical vehicle is one of the most powerful nonlinear systems found in nature, capable of amplifying the effect of small microactuator-induced perturbations into very large changes in the aerodynamic forces and moments acting on the vehicle. Moreover, the inherent problem of matching the length and time scales between microactuators and the physical system being controlled makes the viscous sublayer of a turbulent boundary layer a natural choice for microsystemsbased control. The exceedingly small length scales associated with flow structures that are naturally present in the viscous sublayer of turbulent boundary layers are ideally matched to microscale actuators. However the high performance required for sublayer control places rather stringent limits on the types of actuators that may be suitable for this task.
Recent experimental and numerical studies specifically related to the development of microactuators for control of near-wall turbulence have been reviewed by Moin and Bewley [1] , Gad-el-Hak [2, 3] , McMichael [4] , Ho and Tai [5] , Pollard [6] , Lumley and Blossey [7] , Löfdahl and Gad-el-Hak [8] and Bewley [9] , among others. In particular, Ho and Tai [5, 6] and Tsao et al [10] demonstrated an electromagnetically activated microflap actuator that could be deflected to produce an upward velocity in opposition to the wall-normal velocity produced by the streamwise sublayer vortices, but to date this approach has not been applied to demonstrate drag reduction in turbulent boundary layers. Other investigations have examined the use of piezoelectrically driven actuators to control streamwise vortices in turbulent boundary layers (Jacobson and Reynolds [11, 12] , Rathnasingham and Breuer [13] ). The latter study achieved a maximum reduction of 31% in u rms in a low Reynolds number turbulent boundary layer test. Other attempts to control streamwise vortices include the selective-suction actuators of Myose and Blackwelder [14] . Direct numerical simulations of turbulent channel flows using a similar actuation methodology, based on local suction and blowing at the wall, was performed by Choi et al [15, 16] yielding 20-30% reduction in skin friction. Similar numerical experiments have been conducted by Hammond et al [17] and Rebbeck and Choi [18] .
The central technology required to achieve practical vehicle control rests largely in the development of robust, highperformance, highly survivable, low-power microactuators for integration in large, dense arrays that can meet the realistic operating requirements noted earlier. The present study (Diez-Garias et al [19] ) is the first to examine the electrokinetic principle as the basis for a new class of microactuator arrays that are potentially suitable for active sublayer control on real aeronautical and hydronautical vehicles under practical conditions. This paper does not aim to reveal new results relevant to elementary electrochemical processes in electroosmotic pumps. Instead, it uses existing electrokinetic pump technology to design and fabricate the first large, dense arrays of electrokinetic microactuators for sublayer control of turbulent boundary layers. A complete system architecture for such microactuator arrays has also been developed as part of this study. This novel system architecture is based on groups of actuators within a local 'unit cell'. The architecture further permits a greatly simplified control-logic approach, also developed as part of this study [19, 20] , that is based on a simple look-up table resident in firmware within each unit cell.
Microactuator performance requirements
Turbulent boundary layers obey a universal structure and scaling under so-called 'equilibrium' conditions, which typically apply over the vast majority of a vehicle surface. It is necessary to be aware of at least the basics of this general structure and its scaling in order to understand the approach being taken here, and to understand the performance requirements that they dictate for microactuator arrays. The central issue concerns the form of the mean velocity profile u(y) with increasing distance y from the vehicle surface (referred to generically as the 'wall', located at y ≡ 0).
The boundary layer has a two-layer structure-an 'inner layer' directly adjacent to the wall within which molecular transport dominates, and an 'outer layer' within which turbulent transport dominates. Within the inner layer, owing to the dominance of diffusion, the momentum flux density must be roughly constant at a value called the 'wall shear stress', τ w , literally the value of the shear stress at the wall. All processes within this layer scale with this wall shear stress, the viscosity 'ν', the fluid density ρ and the distance y above the wall. Such near-wall scalings are thus expressed in terms of a characteristic velocity u τ ≡ (τ w /ρ) 1/2 , and a characteristic length l τ ≡ ν/u τ often termed the 'wall unit' [21] . The scaled velocity profile u + (y + ), where u + ≡ u/u τ and y + ≡ y/ l τ , is then universal throughout the inner layer for all equilibrium turbulent boundary layers [21] .
Streamwise vortical structures form naturally with a spacing, in the scaled spanwise coordinate z + ≡ z/ l τ , of about z + ≈ 100. The length of these 'sublayer vortices' is typically about x + ≈ 1000, but varies from about 400 to 1500. In other words, the vortices are about 1000 wall units (l τ ) long, and are spaced about 100 wall units apart. Since the vortices are located roughly 10 wall units above the wall, they will advect at a speed u + ≈ 10, and thus move over any fixed point on the wall with a frequency of about f + ≈ 10 −2 . Further details can be found in Kline et al [22] , Kim et al [23] and Robinson [24] . Table 1 shows a list of full-scale aeronautical and hydronautical vehicles, giving overall vehicle length L and speed U used to obtain their characteristic l τ and f τ .
These alternating pairs of counter-rotating streamwise vortical structures at the upper edge of the viscous sublayer are responsible for the 'bursting' process in which relatively large amounts of low-speed (high-speed) fluid, in a wallfixed frame, are suddenly ejected (sweeped) from (into) the near-wall region. Interrupting the sweep and ejection events involved in this bursting process has long been an objective in fluid mechanics and aerodynamics. Laboratory experiments and numerical simulations have shown that this can be accomplished by acting on the streamwise vortices in any of a number of ways so as to offset the Biot-Savart-induced velocities that lead to the sudden bursting. For the present microactuator arrays, the individual actuators serve as point volume sources that displace (either positively or negatively) a fixed volume of fluid between the wall and the inner layer as shown schematically in figure 1 . The motion that this volume source field induces serves to displace the streamwise vortices along the spanwise direction, thereby locally increasing or decreasing the separation between the two elongated vortices in a streamwise vortex pair. This counteracts the Biot-Savartinduced motion of the vortices on each other, thus interrupting the bursting process. Key performance requirements involve the microactuator spacing, frequency and flow rate needed to achieve adequate displacement of individual sublayer vortical structures. The latter has been studied in more detail by Diez-Garias [20] and Diez and Dahm [25] . From the forgoing summary of the sublayer vortex structure and dynamics, it is apparent that such actuators must be separated by typically 100 wall units, and displace a volume of fluid with an equivalent hemispherical radius of the order of 10 wall units l τ , with a step response that corresponds to a scaled frequency of f + ≈ 10 −2 . The resulting exit velocity varies greatly from one application to the next, but there is no direct requirement on the nozzle u + , though the nozzle Reynolds number must not exceed 0 (1) . Accordingly, figure 2 and for four different pressure gradients. These requirements are relatively benign for the UAV application, where actuator spacings of several millimeters and step response of 100 Hz are sufficient to act on virtually every sublayer streak. At the other extreme, the supersonic fighter and transport aircraft require actuator spacings of 100-200 µm and step response of 10-90 kHz. The various hydronautical applications require microactuator spacings roughly 300 µm but frequencies of only about 1 kHz.
System architecture for microactuator arrays
The small actuator spacing required for sublayer control on real vehicles, as seen in figure 2, implies that large and dense arrays of microactuators must be used to cover key parts of the vehicle surface. However, the inherently local nature of the sublayer vortex dynamics and bursting process suggests that such large arrays can be composed of tiles and these of much smaller independent 'unit cells', each with their own sensors, control processing and actuators. This highly local nature of the problem thus permits a system architecture for such microactuator arrays that greatly simplifies the sublayer control of turbulent boundary layers. A complete description of this architecture can be found in Diez-Garias [20] and Diez and Dahm [25] and is insensitive to the alignment of the streamwise vortices relative to the array. Each unit cell in this architecture is composed of a collocated array of wall shear stress sensors, electrokinetic microactuators and local digital signal processing (DSP) capability. This unit-cell concept is sufficiently simple to realistically permit integration of the present electrokinetic microactuators into a complete system for active sublayer control on full-scale vehicles under realistic operating conditions.
Each unit cell contains a 4 × 4 array of electrokinetic actuators that provide the volume displacements within the near-wall region of the turbulent boundary layer to laterally displace the streamwise sublayer vortices. Although the fundamental unit-cell architecture can accommodate essentially any type of actuator, the electrokinetic microactuators that are the principle focus of this study offer several benefits that make them potentially well suited for active sublayer control. The electrokinetic principle on which these microactuators function (see section 4) requires no moving parts, with the volumetric pumping being induced by an impulsively applied electric field. As a result, these electrokinetic microactuators can be significantly more robust than many other actuators based on moving parts. Moreover, the scalings that govern the electrokinetic effect provide significant performance advantage for actuators fabricated at the microscale. In particular, such electrokinetic microactuators can achieve an extremely high impulse response, and equivalent steady flow rates sufficient to meet the requirements noted in section 2 for active sublayer control under full-scale vehicle operating conditions. Such microactuators can also be readily sized to fit with the unitcell architecture, and do not involve any parts that protrude into the flow.
Furthermore, such electrokinetic microactuators can be fabricated with a comparatively simple three-layer design, as indicated in figure 3 . This three-layer design uses a center layer containing individual electrokinetic driver channels formed in an appropriate substrate material and filled with a porous polymer structure. This structure can readily be wetted with electrolyte by simple capillary wicking action and the double layer forms (see section 4) within the pores (channels) in the porous polymer. The electrokinetic flow induced in the electrolyte (inside the porous polymer) when an electric field is applied across any individual center-layer channel serves to displace the working fluid from the top layer. This top layer contains individual actuator nozzles and electrodes together with leadouts to the unit-cell DSP. The bottom layer serves as a common electrolyte reservoir for the unit cell (or, alternatively, for the entire tile). Although not implemented here, a thin and flexible membrane could be used to separate the working fluid from the electrolyte to prevent any leakage. Nevertheless, since the leakage would be small, electrolyte could be added to a main reservoir from time to time to account for any lost due to leakage.
Power for the electrokinetic microactuators is distributed throughout the tile via a simple bus structure composed of 
Unsteady electrokinetic pumping

Quasy-steady EK pumping
The electrokinetic microactuators that are the subject of this work function on the basis of the electrokinetic effect shown schematically in figure 4 (e.g., Potter [26] , Burgreen and Nakache [27] ) and it was first noted by Reuss (1809) [28] . While this effect inherently operates at the microscale, it is widely used in a variety of practical devices and processes to produce macroscale effects. Examples include transport processes in emulsions and suspensions, as well as soil remediation processes, to name just a few. The present study is the first attempt to exploit its potential advantages as the basis for a new class of microscale actuators suitable for active sublayer control in turbulent boundary layers at fullscale vehicle operating conditions.
The Navier-Stokes equation can be used to obtain the detailed outer-layer structure and the resulting electrokinetic pumping that it induces under the influence of an applied electric field (e.g., Burgreen and Nakache [27] , and Rice and Whitehead [29] ).
Simplifications to the NavierStokes equation given by Rice and Whitehead [29] for the electrokinetic flow in a narrow cylindrical capillary of radius w gives the following equation of motion:
where ε is the dielectric constant, κ is the Debye length, I o is the zero-order modified Bessel function of the first kind, P z is the pressure gradient, E z is an axial electric field and the wall of the capillary is at a potential ζ . For the present electrokinetic microactuators, no pressure gradient is applied, and the flow instead results entirely from the applied electric field E z . Solving (1) under these conditions, the velocity v z is obtained as
The volume flow rate Q can be obtained by integrating (2) over the cross-sectional area of the capillary or pore channel to give
where the ionic mobility is given by = ες/µ. Equation (2) can be simplify for capillaries with radius much larger than the double-layer thickness to
The pressure achieved in a plugged capillary can be obtained by first solving (1) as
and then integrating to obtain the flow rate Q similarly to (3). For such a plugged capillary, the net flow rate is zero. Using this condition, the solution can be obtained for the pressure gradient as
Again, for κw > 1, (6) can be simplified to
These scalings are for a single channel. For a channel of radius R consisting of (R/w) 2 individual pores each of radius w, the flow rate in (4) becomes
with the resulting flow speed U = Q/πR 2 , and the force F achieved in a plugged actuator of length L, from which the flow rate Q is zero, becomes
Note in (8) that the flow rate achieved is independent of the pore radius w, but the force in (9) increases as the pores are made smaller.
Unsteady EK response modeling
A simple hydrodynamical model has been proposed by Diez-Garias [20] and Diez and Dahm [25] to study the ultimate frequency response limits of unsteady electrokinetic microactuators. This limit applies when the electrokinetic double layer thickness is much smaller than the pore radius w, as is typically the case. The motion induced in the double layer by either an impulsively applied electric field, or by a sinusoidally oscillating applied field, is then equivalent, respectively, to Stokes' first or second problem for the flow induced by viscous diffusion above a moving wall. Stokes' second problem, which is most directly associated with the concept of frequency response, applies to the motion induced in the bulk electrolyte outside the double layer by a sinusoidally time-varying applied electric field, which produces a sinusoidal motion in the thin double layer directly adjacent to the wall. This motion is confined to a 'Stokes layer' with thickness δ ≈ √ νt. The resulting velocity field in this case is self-similar, and given by
where η ≡ y/ √ 2v/ω is the wall-normal similarity coordinate. Figures 5(a) and (b) respectively define the actual flow rate Q U that results from such a sinusoidally induced motion during each volumetric displacement 'stroke' of the actuator, and the flow rate Q S that would result during the same time by steady electrokinetic pumping. Inertial effects in the induced flow are negligible when 'quasi-steady' performance is achieved, namely when Q U /Q S = 0.6. The flow rate Q U for a circular channel or pore is
which can be approximated by
where U U eq is the average velocity in the Stokes' layer directly adjacent to the wall, and T is the period corresponding to each stroke of the actuator. An electrokinetic microactuator of radius R filled with a porous matrix with pore size w contains N ≈ (R/w) 2 pores. From (12) the total flow rate Q U produced by these N pores in the entire actuator becomes
When a single capillary or pore is driven by a steady (S) field, as shown in figure 5(b) , then the resulting flow rate Q S is Figure 6 . The ratio of Q U to Q S , defined in figure 5 , from (16) for any sinusoidal component of frequency ω in an unsteady applied electrif field. For Q U /Q S ≈ 0.6, volumetric displacement achieved by electrokinetic pumping is in the quasi-steady limit with no losses due to inertia effects. Note that for 1 µm pore sizes, roll-off produced by inertial effects does not begin until frequencies above 500 kHz.
Similarly, when the entire actuator is driven by a steady (S) field, as shown in figure 5 (b) the total flow rate Q S can be written as
The ratio of these two flow rates then allows the influence of inertial effects to be evaluated as
From (15) a cut-off frequency ω c ≡ ν/(2w 2 ) can be deduced below which the actuators will show 'quasi-steady' performance, and above which a roll-off will occur as shown in figure 6 . Assuming an aqueous electrolyte with kinematic viscosity comparable to that of water (ν ≈ 10 −6 m 2 s −1 ), this indicates a cut-off frequency of the order of 500 kHz for 1 µm pores. For the porous polymer matrix used to fabricate the arrays in this study, the average pore size is roughly 1 µm, and this would suggest essentially loss-less frequency response up to around 500 kHz.
Unsteady EK response measurement
Unsteady performance testing was also conducted to determine frequency response, by applying a sinusoidally time-varying voltage difference on an electrokinetic pump (Diez-Garias [20] and Diez and Dahm [25] ). Results indicate a loss-less unsteady performance up to 10 kHz as shown in figure 6 . The origins of the roll-off above 10 kHz remain unclear, and may be due to an experimental limitation. The measured frequency at which this roll-off begins would be consistent with the onset of inertial damping in a porous matrix with 10 µm pores as shown in figure 6 , based on the previous considerations, whereas the nominal pore size in the electrokinetic driver channel is believed to be about 1 µm. These results demonstrate that the absolute (injected or removed) flow rate displaced by the actuators is given by the expression Q U /Q S = 0.6 for frequencies up to 10 kHz (current experiment) and 500 kHz (for the simple theoretical model). Thus, these simple considerations suggest that it should be possible to meet the frequency response requirements and flowrate requirements, this last requirement was shown in figure 3 of Diez et al [25] , for most of the vehicle types shown in table 1 and figure 2 by using microactuators with a porous matrix having typically 1 µm pore radius in the electrokinetic channels.
Electrokinetic microactuator array fabrication and testing
Elementary packed-capillary actuators
Initial experiments with electrokinetic flow as the fundamental basis for a new class of microactuator arrays were performed using simple packed capillaries to provide the double-layer surface that drives the flow. Single electrokinetic micropumps have been characterized in great detail by Paul et al [30] , and Gang et al [31] , among others. Our initial 'actuators' consisted of glass capillaries with 100 µm inner diameter, packed with glass beads of various diameters ranging from 0.5 µm to 5 µm, and filled with various aqueous electrolytes that provided differing zeta potentials. The glass beads created effective interstitial channels at submicron scales. The purpose of these experiments was to verify the applicability of the scaling results in section 4 for such packed-capillary electrokinetic pumps at these scales under steady (S) applied fields.
Results verified the Q ∼ w 2 E z scaling of the flow rate Q for single microchannels with diameter w and applied field strength E z , and the p ∼ E z L/w 2 scaling, to pore sizes w at least as small as those produced by the 0.5 µm glass beads [25] . In view of the exceedingly small Debye length scales associated with the double-layer thickness, which typically is in the range of 10-100 nm, the observed applicability of these scalings even at the smallest bead diameter (500 nm) is not entirely surprising. Nevertheless, the results confirmed that fabrication of electrokinetic microactuators with pore sizes down to at least these scales does not invalidate these fundamental performance scaling laws. This indicates that electrokinetic microactuators based on porous matrix structures having average pore sizes of 1 µm, for which the entire range of pore sizes should be within the range applicable to the tests above using 0.5 µm beads, should allow large values of pressure rise p to be achieved in plugged actuators, while causing essentially no reduction in volume displacement rate Q for open actuators. All subsequent micro-electro-kineticactuator (MEKA) arrays developed in this study were based on electrokinetic flow produced in such micron-scale porous matrix structures.
MEKA-0 microactuator array
Based on the results from experiments with elementary packed channel actuators, an initial 3 × 3 array of electrokinetic microactuators, shown in figures 7(a) and (b), was fabricated and used for performance testing. This array is somewhat smaller than the typical 4 × 4 unit cell indicated in figure 3 , however its purpose was principally for an initial exploration of the major challenges involved in unit-cell fabrication, and for initial steady (S) performance testing of electrokinetic flows. For added simplicity, this initial array was sized to the requirements of the UAV-scale application in figure 2 , and thus consisted of individual microactuators with 1000 µm diameters and 2000 µm center-to-center spacings.
A basic three-layer design shown in figure 3 was used, with electrokinetic driver channels in the center layer and an electrolyte reservoir in the bottom layer, but with electrodes and leadouts formed on the top surface of the center layer. This basic three-layer design allows for dense arrays comprised large numbers of such actuators to be fabricated in thin conformally applicable tiles that accommodate the unit-cell system architecture, and that may in principle be easily applied to the surface of real vehicles. Elements of this basic threelayer design have been developed in successive generations of electrokinetic microactuator arrays described in the following sections.
The electrokinetic driver channels for the MEKA-0 array were in this case mechanically drilled into a 3 mm thick glass substrate. This was intended as a preliminary process used for this initial fabrication only, and not intended to represent a fabrication process suitable for eventual mass production. An individual ring electrode with a lead out to an electrical contact was formed on the top surface around the periphery of each of the microactuator channels using standard metallization and photoetching techniques, as can be seen in figure 7(a) . Due to chipping that occurred in the channel drilling process, as shown in figure 7(b) , the resulting edge quality was relatively poor. This caused some difficulties in maintaining electrode continuity on the top surface of the center layer, however the resulting ring electrodes were still of acceptable quality. The bottom surface electrode is common for all the channels.
The individual center-layer electrokinetic driver channels shown in figure 7 (b) were filled with the porous polymer matrix structure developed by Peters et al [32, 33] . In the MEKA-0 array this polymer consisted of several constituents, including butyl methacrylate with a solvent and with a dopant to provide a zeta potential of 80 mV in a 2 mM sodium borate buffer solution. The resulting porous polymer matrix structure is visible as the white material in the channels in figure 7(a) . This material has 1 µm scale pore sizes and was doped to provide electrokinetic flow. The porous polymer can readily be wetted with electrolyte by simple capillary wicking action. Continual contact with the electrolyte, and thereby continual wetting of the entire porous matrix throughout each individual actuator channel in the center layer, is provided by a common electrolyte reservoir in the bottom layer. Since each unit cell acts as a zero-net-displacement entity, a fixed amount of electrolyte is maintained within each unit cell.
Steady performance testing was conducted using the apparatus shown in figure 8(a) . This consisted of an electrolyte reservoir, 85 mm in diameter by 2.5 mm in height, which had the MEKA-1 array wafer located above it. The reservoir was filled with a 2 mM sodium borate buffer solution. When a steady voltage difference V was applied across the electrodes, the electrokinetic actuators steadily pumped the electrolyte into the graduated reservoir shown in figure 8(a) . The volume flow rate was measured over an extended time and the results are shown in figure 8(b) . Note that the total volume displaced increased linearly with time, with the flow rate Q S being given by the slope of each set of symbols. The flow rate achieved is seen to be proportional to the applied voltage, consistent with (1). For these conditions, the porous polymer matrix material provided a volume flow rate Q S of 0.1 mL min −1 at an applied field strength E S of 15.3 V mm −1 for an electrokinetic actuator with an effective radius of 1.5 mm. The ratio (Q S /E S ) should thus be independent of the field strength, and represents the fundamental characterization of the electrokinetic pumping capability of the porous polymer matrix structure per unit cross-sectional area of the actuator channels.
MEKA-1 microactuator array
Based on the performance seen with the MEKA-0 microactuator array in section 5.2, a MEKA-1 array was fabricated to (i) assess laser drilling of the electrokinetic channels as an alternative to mechanical drilling, and (ii) explore design issues associated with larger unit cells. This 10 × 10 actuator array was fabricated in glass, as was the case for the previous MEKA-0 array, and again sized for a UAVscale application. The individual electrokinetic microactuator channels were 2000 µm in diameter and located on 4 mm center-to-center spacings. The layout for this MEKA-1 array is shown in figure 9(a) . Drilling of the electrokinetic driver channels in glass was in this case done with a CO 2 laser by a commercial vendor. This fabrication process is amenable to eventual mass production. Edge quality achieved at this scale with laser drilling was excellent, and more than adequate for metallization and electrode etching. The 10 × 10 unitcell size of this MEKA-1 array is considerably larger than the 4 × 4 unit-cell anticipated in figure 3 for the proposed system architecture, yet figure 9(a) shows that the required electrode leadouts can readily be accommodated. Like the MEKA-0 array, the bottom surface electrode is common for all channels. The channels were filled with the same porous polymer matrix as for the MEKA-0 array. Figure 9 the resulting filled microactuator channels, where the 1 µm scale porous polymer matrix structure again appears white.
MEKA-2 microactuator array
In view of the excellent edge quality achieved by the laser drilling process in the UAV-scale MEKA-1 array, the process was applied to develop a hydronautical-scale MEKA-2 array. The principal purpose of this array was to test the suitability of the CO 2 laser drilling process in a glass substrate at much smaller scales. Accordingly, this array consisted of a simple 3 × 3 matrix of electrokinetic driver channels, each with 300 µm diameter and 2 mm length, on 500 µm center-tocenter spacings. The smaller channel diameters in this case produced much poorer results from laser drilling than was the case for the 2000 µm diameter channels in the MEKA-1 array. These difficulties were driven by fabrication glass substrate material. Since glass was not intended as a final substrate material, subsequent arrays examined fabrication with other substrate materials.
MEKA-3 microactuator array
The CO 2 laser drilling process was adapted for a MEKA-3 array by changing the substrate material from glass to acrylic, which is also readily amenable to laser drilling. The MEKA-3 array, consisted of a 5 × 5 matrix of electrokinetic driver channels, each 300 µm in diameter and 2 mm long, and with 1000 µm center-to-center spacings. The results obtained from this MEKA-3 fabrication with laser drilling in acrylic indicate that it is possible to mass produce the center layer in thin plastic films by such a process. However, acrylic is unsuitable as a center-layer substrate material since it is incompatible with the organic solvents used in the porous polymer process. There are other plastics that can readily be laser drilled and that are compatible with these solvents. For this reason, the center layer for MEKA-5 array in the following section was produced in mylar, which can be laser drilled and is suitable for use with the porous polymer process. figure 10 , every fifth row and column of microactuators in the tile was skipped to provide room for the resident unit-cell processing electronics. The top layer, shown in figure 11(a) , was fabricated using conventional MEMS processing steps. The center layer in figure 11(b) was fabricated with the same porous polymer matrix material in thin flexible mylar substrate material suitable for conformal application on a vehicle surface. The following sections describe these centerlayer and top-layer fabrication processes used to develop this full-scale MEKA-5 hydronautical array. Figure 12 within a unit cell. The channels were fabricated in flexible mylar substrate material, having 250 µm thickness to permit a high electric field E across the individual actuator channels at a low voltage difference. A potential difference of just 20 V across this 250 µm thick center layer produces the necessary field strength to achieve the 10 µL min −1 equivalent steady (S) flow rate needed for active sublayer control on hydronautical vehicles, given the pumping capability of the porous polymer demonstrated in figure 8(b) . The electrokinetic porous polymer matrix structure was filled in the liquid state in the microchannels by a two-component polymerization process [32, 33] . The curing process produced a porous matrix with pore sizes in the range of 1 µm. Figure 12(b) shows an SEM image of the typical resulting pore structure. Note that pore sizes vary significantly, but are typically 1 µm or smaller, indicating a roughly 1 MHz theoretical frequency response limit based on the considerations in section 4. The 10 kHz loss-less frequency response demonstrated with essentially the same porous polymer matrix by Diez-Garias [20] and Diez and Dahm [25] is thus more than sufficient for the 1 kHz frequency response requirements in figure 2 for sublayer control on large hydronautical vehicles.
MEKA-5 center-layer fabrication.
MEKA-5 top layer.
The top layer of the MEKA-5 array was fabricated using photolithographic etching and other MEMS mass fabrication processes. This layer provides the 25 600 individual microactuator electrodes and leadouts, grouped into a unit-cell architecture as shown in figure 13 . The top layer was fabricated by a three-mask MEMS process consisting of an 'electrodes mask', a 'cavities mask', and a 'nozzles mask'. The fabrication process sequence developed for this MEMS top layer is shown in figure 14 . A 525 µm silicon wafer was first used as a temporary substrate for the top layer. A 2 µm thick layer of aluminum was then sputtered on the top surface of this wafer-the entire MEKA-5 top layer was fabricated on top of this aluminum layer. The silicon wafer was used solely to provide support for the top layer and to permit handling during the fabrication process. Upon completion of the fabrication process described below, this aluminum layer was etched away as shown in the last step in figure 14( j) , to release the top layer from the silicon wafer.
As regards the fabrication of the top layer itself, a 6 µm thick layer of polyimide was first spin coated over the aluminum layer. Using the nozzles mask, the polyimide layer was then photolithographically patterned, unmasked and exposed to define the 50 µm nozzle array. A layer of photoresist was then used to coat the entire surface. Using the electrode mask, corresponding parts of this photoresist layer were then etched away.
This defined the areas where the electrodes were to be located.
A 4000Å layer of chrome was then sputtered onto this surface, followed by another 4000Å layer of gold. The use of Cr/Au for the electrodes proved to be important for the fabrication process, as early attempts to pattern the electrodes using platinum repeatedly failed because this material would consistently peel away from the underlying polyimide layer. A similar result occurred when gold alone was used. This Cr/Au double layer was then patterned and unmasked using the electrode mask, and the photoresist then etched with acetone to expose the electrodes.
Finally, a 125 µm thick layer of Su-8 material was deposited and selectively etched using the cavities mask. At this point, the top-layer fabrication was complete, and the layer was released from the silicon support wafer by etching away the aluminum layer with a phosphoric-nitric-acetic acid mixture.
The three-component sublayers that make up the top layer are named after the masks used to fabricate them. A full-tile view of the 'electrodes sublayer' is shown in figure 15(a) . This sublayer provides Cr/Au electrodes for each of the 25 600 individual microactuators and the corresponding leadout for each actuator to a contact located near the edge of its unit cell. A region of this electrodes sublayer is shown in figure 15(b) where the repeated pattern in 20 adjacent units cells can be seen. A closer view of a single unit cell in this structure is shown in figure 15(c) with the 16 unit-cell contacts for each of the individual electrodes in the unit cell, together with the common voltage bus lines that run between adjacent unit cells. Future versions of this MEKA-5 array could contain a digital signal processing layer that selectively connects each of these contacts to the bus line with either positive or negative polarity, depending on the actuation state vector implied by the sensor states. The 'nozzles sublayer' is etched in polyamide and provides the 50 µm nozzles through which the pumping induced by the electrokinetic flow occurs. The 'cavities sublayer' fabricated in clear Su-8 material as described in figure 14 , serves two specific functions. It provides the necessary structural support for the top layer, and at the same time provides the necessary separation between the top of the porous polymer matrix structure associated with each microactuator channel in the center layer and the corresponding top-layer electrode. The cavities sublayer is composed of 250 µm diameter cavities on 325 µm center-tocenter spacings. The fabrication process shown in figure 14 produced comparatively well-defined edges and vertical walls for the circular cavity enclosures.
Conclusion
The present paper has (i) set forth the basic principles underlying the control of streamwise vortical structures in the viscous sublayer of turbulent boundary layers for drag reduction on vehicles, and (ii) demonstrated that the electrokinetic principle can provide the basis for a class of microactuator arrays to control the sublayer vortices. 'Point' microactuator arrays (of the type illustrated in figure 3 ) serve as volume sources to impulsively displace the sublayer vortices (as indicated schematically in figure 1 ) necessary to interrupt the interaction between adjacent structures and thereby delay or defeat the bursting process. Performance requirements for such microactuator arrays at various locations on different types of aeronautical and hydronautical vehicles were given in figure 2. A basic architecture comprised small, independent unit cells with local sensing and signal processing is appropriate for closed-loop control with point microactuator arrays. Fundamental considerations related to the physics of the electrokinetic process indicate the basic scaling laws that govern such microactuators. These show advantages obtained from miniaturization of the electrokinetic channels by use of a porous matrix with 1 µm scale pores in the center layer of the proposed three-layer design. Simple hydrodynamic models for the electrokinetically driven flow in such a porous matrix suggest that inertial damping should remain irrelevant up to frequencies approaching 1 MHz.
Several microactuator arrays or components have been assembled to study various aspects of the performance and tile in 250 µm thick mylar substrate material. MEMS design and fabrication processes were used to produce a top layer for the MEKA-5 hydronautical-scale array, composed of an electrode sublayer patterned in Cr/Au, a nozzle sublayer etched in polyimide, and a cavities sublayer fabricated in Su-8; the functionality incorporated in this top-layer fabrication demonstrates the complete set of elements needed for microscale electrokinetic actuator arrays for sublayer control.
